The microanatomy of the abducens nerve (AN) is important for clinical reasons and surgical approaches as it is located in the petroclival region. The incidence of branching and duplication of the abducens nerve are unknown and mechanisms relating to paralysis of the nerve in indirect conditions are yet to be clarified.
INTRodUCTIoN
The complexity of human anatomy reaches its apogee in the skull base where surgical interventions have been increasingly performed in the last years. Exact knowledge of the microanatomy is essential for those performing procedures in the area of the skull base. Recent studies of the bony, connective, vascular, and nervous structures of the skull base have allowed for significant advances in microneurosurgical techniques (3, 11, 14, 34, 35, 37) . The abducens nerve (AN), cranial nerve VI, innervates the lateral rectus muscle of the eye, which turns the eye laterally. The AN leaves the brain stem and enters the dura at the base of the skull, where it courses through Dorello's canal before entering the cavernous sinus. The AN and its anatomy are important as it passes through Dorello's canal in the petroclival area, an important region for skull base surgery and interventions. The AN may be affected directly or indirectly in a variety of pathological disorders, including trauma, intracranial hypertension, skull base tumors, and vascular and inflammatory conditions (4, 27, 30, 31, 41, 45) .
Although comprehensive studies regarding AN in Dorello's canal and in the sphenopetroclival area have been performed (13, 15, 30, 40, 42) , its incidence of branching and duplication are uncertain. The mechanisms of the conditions resulting in the AN becoming paralyzed indirectly are also yet to be clarified. The microanatomical details of the intracranial abducens nerve before the cavernous sinus are presented and discussed with respect to clinical findings and surgical approaches in this study.
MATeRIAL and MeTHodS
This microanatomical study was carried out in the anatomy laboratory of our university medical center. Twenty cadaver heads (40 specimens) were used for the study. First, the calvaria of heads fixed in formaldehyde were removed. Brains were removed meticulously, with special attention to the cranial nerves. Microanatomical dissections were performed with a Zeiss OPMI surgical microscope (Carl Zeiss Co., Oberkochen, Germany). The AN was followed to where it passed through the dura, and the dura over Dorello's canal and the surrounding region were dissected. The AN and petrosphenoidal ligament were exposed. Microanatomical observations were made regarding the branching pattern, numbers of branches, and the relationship of the AN to the petrosphenoidal ligament. Using calipers, various morphometric measurements were made as can be seen in Figure 1 : AN diameter, diameter of dural entrance 'pore' and distances between the AN and petrous apex (PA) and posterior clinoid process (PCP) at the level of the petrosphenoidal ligament. Measurements were made of both branches if branches were present. Statistical evaluations were performed using Student's t-test.
ReSULTS
The branching patterns of the AN are shown in Table I . The AN was a single trunk in 18 (45%) specimens, (Figure 1 ), whereas 55% had branching along its course. Eight (20%) specimens had double branching (Figure 2 ), and seven (17.5%) had triple branching (Figure 3 ), which occurred only in the cavernous segment of the AN. In three (7.5%) specimens, the branching starting at the cavernous segment continued through the superior orbital fissure (Figure 4) . In relation to these cases, when branching of the AN occurred, no intervening tissue was found between the branches and the branches remained close to each other along their course. Four (10%) specimens had branching at the petroclival segment at the level of the petrous angle ( Figure  5 ). Branching at the petroclival segment occurred with tissue between the branches; the branches entered the dura separately and merged afterwards. Duplication of the abducens nerve in its entirety was not encountered in any our specimens. In 10 (50%) of the 20 skull bases, the same branching pattern was found bilaterally. The AN coursed over the petrosphenoidal ligament bilaterally in one case (two specimens, 5%). This same skull had calcification of the petrosphenoidal ligament on both sides. The nerve coursed below the ligament in the remaining 38 (95%) specimens. Regarding the course of the AN below the petrosphenoidal ligament, including the main trunks of branched nerves at the petroclival segment, the AN travelled in the lateral third of the space near the petrous apex in the majority (n=33, 82.5%) of specimens. The AN passed below the middle third of the petrosphenoidal ligament in 5 cases (12.5%). The AN did not pass below the medial third of the petrosphenoidal ligament in any specimen. As regards the accessory branches of branched abducens nerves, two passed through the lateral third near the PA, one through the middle third and one through the medial third. All accessory branches coursed below the petrosphenoidal ligament. AN measurements and those of its dural entrance pores, including accessory abducens nerves (AAN), are listed in Table II . Right and left AN diameters were similar (p=0.36). DEP diameters on the right side were significantly larger than those on the left (p=0.034). Mean, minumun and maximum lengths of measurements regarding distances between AN and the petrous apex (PA) and the posterior clinoid process (PCP) are shown in Table III ; measurements relating to the AAN are listed separately. Differences between right and left sides of the AN to PCP (p=0.089) and AN to PA distances (p=0.37) were not statistically significant.
dISCUSSIoN
The abducens nerve (VI) has a long intracranial course and can therefore be affected by many medical disorders. It must also be taken into account during surgical procedures in the skull base area (13, 15, 40, 42) . The subarachnoid segment of the AN emerges from the pontomedullary junction and ascends in a rostral and lateral direction to reach the petrous apex. It then pierces the visceral dura and turns medially and superiorly, and the petroclival segment of the nerve makes its "dural angle" here. It passes over the petrous apex below the petrosphenoidal ligament, called Dorello's canal, in its dural sheath. The AN travels through a venous space called the "petrovenous confluence". Downward and lateral angulation of the nerve at the petrous apex is called the "petrous angulation". Then, the AN enters the posteroinferior aspect of the cavernous sinus, and travels anteriorly from the lateral aspect of the internal carotid artery (ICA). The intracavernous segment of the abducens nerve makes a turn at this point, called the carotid angulation. The most severe angulation of the AN is at the petrous apex (30, 40, 42, 45) .
Duplication of the abducens nerve has been described in studies concerning the AN and Dorello's canal (15, 16, 28, 31, 40, 42) . Duplication of the nerve is important in when approaching the petroclival region with a drill, which can injure an unexpected second branch. The early intraoperative Özveren et al. (31) classified the anatomical variations of the AN into six types: type 1 is a single trunk; type 2 is a single emergence from the brain stem, splitting before piercing the dura and and merging again after the carotid angulation before entering the orbit; type 3 is a double emergence from the brain stem, coursing double and reuniting after the carotid angulation; type 4 is a doubling of the nerve throughout its entire course. Type 5 is an aplastic nerve, and type 6 is triplication of the nerve in its cisternal and petroclival segments. Özveren et al. (31) found the incidence of duplication (types 2 and 3) to be 15%. Nathan et al (28) also described the type 1, 2, and 3 branching patterns of the AN, and found a duplication incidence of 13.5%, while Iocenetta et al. (15) found duplication to occur in 8% of specimens. Jain (16) is the only author to report a type 4 abducens nerve. We found the incidence of type 2 or type 3 variations to be 10%, and did not encounter any type 4 variation. However, we found the incidence of branching (double and even triple) to be common (55%). If types 2 and 3 are excluded, branching was still quite common (45%). Branching at the intracavernous segment of the AN continued without merging in 7.5% of specimens. Umansky et al. (42) also found a high percentage of branching (57.5%) among 40 specimens that is very close to our percentage. We believe that branching of the AN at the intracavernous segment is a result of carotid angulation that results in flattening of the nerve as seen in Figures 2, 3 and 4 . In type 2 and 3 patterns, the AN branches enter the dura through separate entrance pores and travel separately with intervening tissue and then reunite. If this type of "branching" with intervening tissue is denoted branching, then we recommend that the branching anatomy of the AN at the cavernous portion which has no intervening tissue be labelled "pseudobranching". The term "duplication" may then be used in cases of AN duplication throughout its course. We think it would be better to describe "branching and its segment" of the AN qualitatively rather than by type, because of the high number of variations. Pseudobranching is perhaps caused by pressure of the ICA against the nerve at its angulation at the carotid angle. True "branching" and "duplication" are probably congenital (15) .
Another important effect of nerve angulation is seen in the pathophysiology of AN paralysis. Angulation may increase the risk of nerve injury in some situations. The least pronounced angulation is where the AN pierces the dura and injury to the AN at this area can occur as a result of midfrontal impact (5, 39) . In our study, the thickness of the AN in this region was found to be 1.3±0.2 mm, which is narrower than the dural hole through which it passes (1.8±0.3 mm). Although the dural hole is larger than the nerve itself, fixation of the nerve may act as a fulcrum and cause nerve injury in cases of head trauma, even when no basilar skull fracture is present (5, 24) . After piercing the dura, the main fixation point of the nerve is inside Dorello's canal. Dense adhesions between the dural sheath of the nerve and the endosteal dura of the petrous apex and petrosphenoidal ligament of Gruber are present (42) . Paralysis of the AN, an indirect sign of intracranial hypertension, is a well-known false localizing sign of a brain tumour (42) . Possible mechanisms responsible for AN paralysis include: 1) downward movement of the hindbrain causes the AN to be compressed by the sharp border of the petrous apex; 2) the AN, when it leaves the brain stem, is close to the sagittal plane, and this may make it vulnerable to injury if the brain stem shifts posteriorly; 3) compression of the nerve and underlying pons by lateral branches of the basilar artery, mainly the AICA; and 4) cerebral blood flow reduction causing brain stem ischemia may result in nuclear or neural ischemia, which might explain transient and recurring abducens weakness in cases of intracranial hypertension (44) . Intracranial hypertension and withdrawal of CSF during lumbar puncture causes a caudal shift of the brain stem. Thus spinal procedures like lumbar puncture, contrast myelography, spinal anesthesia, and spinal shunting have been reported to cause abducens paralysis (8, 23, 26, 32, 42) . Abducens paralysis may also result from iatrogenic and spontaneous intracranial hypotension (6, 7, 10, 22) . Intracranial hypertension, intracranial hypotension and cerebrospinal fluid withdrawal all share a common element; all result in downward displacement of the brain stem which in turn stretches the abducens nerve against its angles and fixations at the petrous apex. This is the apparent mechanism of paresis of the AN in these indirect situations. No other cranial nerve has a long intradural conduit with angulations and fixations such as the AN in Dorello's canal. Intracranial tumors may also cause AN paralysis without raising intracranial pressure (45) . Skeletal traction for kyphoscoliosis, cervical hyperflexion and hyperextension injuries, and head trauma without skull fracture may also cause stretching and paresis of the nerve (1, 5, 25, 33, 36, 38, 43) . AN paresis has also been reported to occur during endovascular applications, because it lies close to the pathway of the catheter and may become damaged (9, 12, 20, 29, 30) . The risk for damage is especially high if the AN is located medially below the petrosphenoidal ligament of Gruber. In our study though, none were found in that location, but 12.5% passed below the middle third of the petrosphenoidal ligament. Umansky et al (42) found 9% passage through the medial third, but Özveren et al. (30) found none; middle third passages in these studies were 52% and 43% respectively. The etiology of AN paralysis is clear in cases of local damage, such as petrous bone fracture, inflammatory lesions of the temporal bone, and compression from tumour or vascular structures at the petrous apex and cavernous portion of the nerve.
Microanatomical characteristics of abducens nerve are of interest for surgical approaches to the base of the skull. The anterior transpetrosal approach to the petroclival region has been described by Kawase et al for management of a variety of sphenopetroclival lesions (17, 18, 19) . In this approach, the petrous pyramid is exposed epidurally until trigeminal impression at the petrous rim is identified, with care given to not injure minor and major petrosal nerves. Maximal bone resection of the anterior petrous apex superior to the internal auditory canal, medial to major petrosal nerve and anterior to arcuate eminence, is then carried out. After mobilization of the 5 th cranial nerve, the dura of the middle fossa is opened while ensuring that the 4 th cranial nerve along the free edge of the tentorium is not disturbed. After dividing the superior petrosal sinus, the lesion in the petroclival region exposed for surgical manipulation. During removal of the tumour, particular attention must be paid to avoid damaging the AN (21) . The nerve courses in the lateral third below the petrosphenoidal ligament of Gruber's in the majority of specimens. We found the AN to be located laterally in majority as Özveren et al (30) (82.5% versus 57%) but Umansky et al (42) found in middle location. The petrous tubercle attached by the PSL is the furthest limit for bone resection because the PSL protects the AN during bony resection in the anterior transpetrosal approach (30) . But the nerve or one of its branches may be at risk in case of branching, in which case one of the branches may pass over the petrosphenoidal ligament (13, 15) .
The abducens nerve is the longest cranial nerve and its many angles and fixations along its course put the nerve at risk for paresis in many indirect situations. We found branching of the abducens nerve in a significantly higher percentage of specimens than has previously been reported. The morphometric data regarding the abducens nerve reported in this study may be helpful to those evaluating diagnostic images and surgeons planning to operate in the region.
